Introduction
Electrochemical biosensors such as in clinical diagnostics, food safety and environmental monitoring, are widely used everyday life. Immobilization of the biorecognitive element onto a matrix plays an important role for the development of biosensors [1] [2] [3] [4] [5] [6] . Biological molecules including enzymes, antibodies, DNA, etc, can be immobilized in a thin layer at a desired transducer surface by using different methods such as adsorption, entrapment, covalent bonding and cross-linking method [3, 5, 6] . Both the choice of support material and immobilization method could influence enzyme activity and operational stability of biosensor. The high application potential of conducting polymers in chemical and biological sensors is one of the main reasons for intensive investigation and development of these materials. They can be used both as immobilization matrices and as redox systems for the transport of electrical charge [7] [8] [9] [10] . Conducting polymers can act as an electron promoter and be electrochemically deposited on small-size electrode, thus allowing for in vivo monitoring of biomolecules [11] [12] [13] . The unique properties of conducting polymers have been exploited for the fabrication of electrochemical detection systems [13] . Among various conducting polymers, polyaniline (PANi) is one of the most popular conducting polymers for biosensor applications because of having porous structures, ease of synthesis, low cost, high conductivity and good environmental stability, etc [14] [15] [16] .
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Experimental

Graphene film synthesis by CVD method
The graphene films were synthesized by thermal CVD method under high temperature 900
• C in argon (Ar) environment (1000 sccm). The copper (Cu) tapes with a thickness of 35 µm and a size of 0.5 cm × 0.5 cm were used as substrates for the graphene synthesis process. After the CVD process, the graphene films were cooled down to room temperature at the rate about of 10
• C/min −1 under a flow of Ar (1000 sccm). The characteristics of graphene films were investigated by scanning electron microscopy (FE-SEM) and Raman spectroscopy techniques.
Fabrication of graphene/Fe
Fe 3 O 4 nanoparticles (NPs) were synthesized by co-precipitation method of Fe 3+ and Fe 2+ under alkaline condition. 4 ml of ferrous chloride (1 M) and 2 ml of ferric chloride (1 M) were thoroughly mixed using magnetic stirring into a three neck flask of pH 4.0 at room temperature [17] .
The interdigitated array (IDA) was fabricated on silicon substrate by the MEMS technology. Silicon wafers were covered with a silicon dioxide (SiO 2 ) layer by thermal oxidation. The thickness of the silicon dioxide was about 1000 nm. The silicon wafer was spin-coated with a layer of photoresist and the shape of the electrodes was defined by UV-photolithography. Then, chromium (Cr) and platinum (Pt) were sputtered on the top of the wafer with the thickness of 20 and 200 nm, respectively. The platinum working electrodes (WE) and counter electrodes (CE) were patterned by a lift-off process (figure 1). A second photolithographic step is carried out to deposit the 500 nm silver (Ag) layer. Partial chlorination of the Ag layer was performed in 0.25 mol l −1 FeCl 3 solution, which is the reference electrodes (REs) [18] .
The fresh solution of cholesterol oxidase (ChOx, 10 µl, 24 U mg −1 ) was prepared in phosphate buffer (50 mM, pH 7.0) and then was added to 20 µl glutaraldehyde (0.25%). The resulting solution was transferred onto PANi/Fe 3 O 4 /graphene electrode. The later electrodes were washed accurately with phosphate buffer (50 mM, pH 7.0) to remove any unbound enzyme, and then were stored at 4
• C for 24 h before electrochemical measurement.
Electrochemical cholesterol detection on graphene/Fe
The cyclic voltammetry method (CV) was used to characterize the behavior of fabricated biosensor. The response to 
Results and discussion
Graphene transferring onto IDA electrode
The graphene films synthesized on the Cu tape were transferred onto the IDA. The transfer process is as follows: first, a thin layer of polymethyl methacrylate (PMMA) was coated on top of grown graphene films on Cu tapes. Then the samples were annealed at 180
• C in air for 1 min. Subsequently, the graphene/PMMA films were released from the Cu tapes by chemical etching of the underlying Cu in iron (III) nitrate solution and suspended films were transferred to deionized water to remove the residual of Cu etching process. Next, graphene/PMMA films were transferred onto an IDA electrode. For the purpose of better contact between the graphene film and the IDA electrode, an appropriate amount of liquid PMMA solution was dropped secondly on the cured PMMA layer thus partially or fully dissolving the precoated PMMA. The re-dissolution of the PMMA tends to mechanically relax the underlying graphene, leading to a better contact with the IDA electrode. Finally, the PMMA films were dissolved by acetone and the samples were cleaned by rinsing several times in deionized water.
Some observations can be made from the FE-SEM image of graphene/Fe 3 O 4 /PANi films ( figure 2 ). Firstly, it shows a spongy and porous structure of PANi, which in turn can be very helpful for enzyme entrapment. Secondly, doped core-shell Fe 3 O 4 NPs (with the diameter core of around 30 nm) could also contribute to further immobilization of biomolecule, owing to their carboxylated shell. Furthermore, a thin and opaque graphene layer was distinguishably seen on the top of the electrode surface. Figure 3 shows typical Raman spectra of the (Gr/PANi/Fe 3 O 4 ) composite films on microelectrode. A Raman spectrum of graphene film on microelectrode (figure 3) exhibits three peaks at ∼1360, ∼1586 and ∼2715 cm −1 . The peak of 1360 cm −1 comes from the mixture of PANi peak (stretching vibration of C-N + ) and D band of graphene (representing defects and disordered crystal structure). The band around 1586 cm −1 is a mixture peak of PANi and G band of the graphene (representing ordered crystal structure). The 2D peak of 2715 cm −1 is a characteristic peak of graphene [19] .
The crystal of graphene film
Electrochemical behavior of PANi/Fe 3 O 4 /graphene
The behavior of each layer of the sensor was investigated by CV spectrum. The electrochemical activity of PANi/Fe 3 O 4 /graphene film increased about eight times compared with PANi film (figure 4). The Fe 3 O 4 nanoparticle plays the role of electrolyte in the composite films. From figure 4 it is clear that the the conductivity of composite was strongly enhanced with the presence of graphene film. Figure 5 shows a typical current-time plot for the sensor at +0.7 V during successive injections of cholesterol (2 mM increased injection, at room temperature, without stirring, air saturated, in 50 mM phosphate buffered solution). The calibration plot indicates a good and linear amperometric response to cholesterol within the concentration range from 2 to 20 mM (with regression equation of I (µA) = (21.45 ± 1.7) × C(mM), R 2 = 0.9986) (the inset in figure 5 ). Thus, with a miniaturized dimension (500 µm) the above graphene-patterned sensor has shown much improved sensitivity to cholesterol, as high as 74 µA mM −1 cm −2 .
Cholesterol determination
Conclusion
An electrochemical cholesterol sensor based on graphene films was successfully developed. The layer-by-layer PANi/Fe 3 O 4 /graphene biosensor showed excellent properties for the sensitive determination of cholesterol with good sensitivity and response time. The proposed cholesterol biosensor based on graphene films might be applied in a wide
